Abstract Increasing heat shock protein 70 (HSP70) in aged and/or insulin-resistant animal models confers benefits to healthspan and lifespan. Heat application to increase core temperature induces HSPs in metabolically important tissues, and preliminary human and animal data suggest that heated hydrotherapy is an effective method to achieve increased HSPs. However, safety concerns exist, particularly in geriatric medicine where organ and cardiovascular disease commonly will preexist. We evaluated young vervet monkeys compared to old, insulin-resistant vervet monkeys (Chlorocebus aethiops sabaeus) in their core temperatures, glucose tolerance, muscle HSP70 level, and selected safety biomarkers after 10 sessions of hot water immersions administered twice weekly. Hot water immersion robustly induced the heat shock response in muscles. We observed that heat-treated old and young monkeys have significantly higher muscle HSP70 than control monkeys and treatment was without significant adverse effects on organ or cardiovascular health. Heat therapy improved pancreatic responses to glucose challenge and tended to normalize glucose excursions. A trend for worsened blood pressure and glucose values in the control monkeys and improved values in heat-treated monkeys were seen to support further investigation into the safety and efficacy of this intervention for metabolic syndrome or diabetes in young or old persons unable to exercise.
Introduction
Heat shock protein (HSP)70, and its ability to upregulate via heat shock factor (Hsf) activation, is reduced in aged and insulin-resistant people, monkeys, and invertebrates (Bruce et al. 2003; Heydari et al. 1993; Kavanagh et al. 2011 Kavanagh et al. , 2012 . Multiple high impact studies using C. elegans have demonstrated that increasing HSP70's homolog or its transcription factor Hsf increases lifespan (Chiang et al. 2012; Seo et al. 2013) . In rodent models that overexpress HSP70 constitutively, or have higher HSP70 abundance in response to applied stress, insulin sensitivity is improved (Chung et al. 2008 ) and the lifespan-extending effect of HSPs has been attributed to this improved insulin signaling (Chiang et al. 2012; Seo et al. 2013) . Preservation of normal glucose metabolism with aging is a common theme in augmented healthspan and lifespan demonstrated by insulin sensitivity being preserved in human centenarians, exceptionally long-lived rodents, and invertebrate animal models (Atzmon et al. 2004; Brown-Borg and Bartke 2012; Edrey et al. 2011; Ulgherait et al. 2014) . Our laboratory along with others has reported that heat treatment to induce the heat shock response (HSR) in mice increases muscle HSP70 and improves insulin sensitivity (Chung et al. 2008; Silverstein et al. 2015) . Pilot human data also suggests that heating may have benefits in clinical diabetes management (Hooper 1999) . We have translated HSP70 biology to the monkey model, demonstrating that pharmacologically restoring deficient HSP70 levels in insulin-resistant monkeys improves glucose metabolism and that higher HSP70 preserves insulin sensitivity as monkeys' age (Chichester et al. 2015; Kavanagh et al. 2009b Kavanagh et al. , 2011 .
Interventions to increase HSP70 to improve longevity and health are thus of high interest in the biomedical community.
Muscle is an important target organ for health in an aging organism. Muscle metabolizes at least 80 % of circulating glucose, and the Bskeletal muscle index^relates to insulin sensitivity in mid-life adults, even after adjusting for obesity measures and age in the Third National Health and Nutrition Examination Survey (DeFronzo and Tripathy 2009; Srikanthan and Karlamangla 2011) . There is a body of supportive data that relates HSP70 to muscle mass preservation, which includes data from aged, insulinresistant rodents with elevated Hsp70 having increased muscle mass and function (Chung et al. 2008; Henstridge et al. 2014; Silverstein et al. 2015) .
Exercise has proven multi-systemic health benefits at any age; however, a significant proportion of the middle-aged and older people are unable or unwilling to exercise due to disabling comorbidities. Heat mimics exercise as a mild physiological stressor (increases in core body temperature, blood pressure, and heart rate). Heated hydrotherapy as an intervention is immediately applicable to human clinical trials and is already well-accepted in geriatric medicine (Verhagen et al. 1997) . Concerns however exist about the safety of such procedures in older adults which have greater susceptibility to heat stress and often have preexisting cardiovascular disease (Kenney and Munce 2003) . The goals of our study were to conduct a controlled preclinical trial of heat therapy in older monkeys with glucose intolerance, to evaluate both the effectiveness of repeated HSR on HSP70 responses, changes in glucose metabolism, and the safety of the intervention.
Methods
Animal procedures All study procedures were approved by and performed in accordance with the Wake Forest University Institutional Animal Care and Use Committee. The study population was sourced from a multigenerational pedigreed colony of vervet monkeys (Chlorocebus aethiops sabaeus). Seventeen female vervet monkeys were included in study. The age range extended from 7 to 23 years (maximum lifespan ≈ 27 years; Table 1 ) which corresponds to a human age range of approximately 20-90 years. The mean age of Byoung^monkeys approximates a 25-to 30-year-old person, and the mean age of the Bold^monkeys to that of 60-to 65-year-old person. All monkeys were fed commercial low fat, high carbohydrate primate laboratory chow (Diet 5038, Lab Diet, Purina, St. Louis, MO) supplemented with fresh produce five times weekly for the duration of the study. Old monkeys displayed a range of glycemic dysregulation from normal to overt diabetes. Six of the nine old monkeys required twice daily insulin therapy to manage their diabetes which has been previously described . Insulin was withheld for 24 h prior to any outcome measure.
Heat therapy studies A physical therapy extremity whirlpool (Whitehall Mfg., City of Industry CA) was equipped with a heating unit and control box (Process Technology, Mentor OH). The whirlpool action ensured that the water was uniformly heated to 40°C. Prior to water immersion, each monkey was sedated, and body temperature monitored continuously by rectal thermometer, with data recorded at 5-min intervals. Monkeys were submerged to neck level and secured to the bath. A flotation device was placed around the neck to prevent immersion of the head. Monkeys were maintained at an elevated core temperature (39-41°C) for 30 min before removal and cooling. The average total immersion time was 43 min.
Acute study Three young female monkeys were evaluated by muscle biopsies collected from the vastus lateralis before immersion, immediately following 30 min of elevated core temperature, then following 1 and 4 h during recovery to ensure that the HSR was induced.
Chronic study Thirteen monkeys were included in a small clinical trial. Monkeys were divided into three groups: a control (n = 3), who were aged monkeys that were sedated in the same room, for the same period and frequency, and kept thermoneutral by use of blankets. Heat-treated monkeys were old (n = 6) or young (n = 4) and exposed to repeated heated hydrotherapy, two immersions per week for 5 weeks. The frequency was determined from our mouse trial which had shown HSP70 induction and improvements in insulin sensitivity (Silverstein et al. 2015) . Muscle biopsies from the vastus lateralis were collected between 3 and 5 days after the final heat exposure to ensure that sustained protein changes were being reported. Blood pressure was measured indirectly, in triplicate, before study and between 3 and 5 days after the final heat exposure. We included a delay after the final heat exposure prior to study end data collections to ensure we were not measuring acute effects. The 13 monkeys were randomly assigned to be assessed on post-study day 3, 4, or 5.
Muscle HSP70 Samples from the acute study were evaluated for HSP70 and HSP90 gene expression using standard methods previously described (Kavanagh et al. 2009a ). HSP70 and HSP90 primer sequence pairs u s e d w e r e 5 ′ C T C C G A C C T G T T C C G A A G 3 ′ , 5′ TTCTGCACCTTGGGGATG3′ and 5′CACGAAGAC TCTCAAAATCGGAAG3′ , 5′ TGACAGAAACCA TCTCATCACCAG3′, respectively. Samples from the chronic study had HSP70 protein levels quantitated by ELISA as described (Chichester et al. 2015) .
Circulating endpoints and glucose metabolism For blood collections, monkeys were sedated with ketamine (15 mg/kg intramuscularly) to enable femoral venipuncture. Plasma was processed and stored at −80°C. Samples were sent to a commercial veterinary laboratory for serum biochemistry panels. Plasma HSP70 (StressMarq, Victoria BC), C-reactive protein (CRP; Alpco, Salem NH), brain-derived natriuretic peptide-1 (BNP-1), and cardiac creatine kinase (CK-MB; MyBioscource Inc., San Diego CA) were measured by ELISA according to the manufacturer's recommendations. Troponin and fibrinogen concentrations were measured by the Wake Forest Clinical Chemistry Laboratory. Angiotensin II (AngII) and angiotensin 1-7 (Ang1-7) concentrations were measured by radioimmunoassay by methods previously described (Nakamoto et al. 1995; Senanayake et al. 1994) . Intravenous glucose tolerance tests were performed in old monkeys (n = 9) between 3 and 5 days after the final sedation following an overnight fast (<12 h). Monkeys were sedated prior to infusing 50 % dextrose (750 mg/kg) via the saphenous vein, with blood samples collected at 0, 2, 3, 5, 8, 10, 15, 20, 30 , and 60 min. Samples were centrifuged, and plasma stored at −80°C until analysis for glucose and insulin concentrations. Acute insulin and glucose responses were calculated as the positive area under the first phase curve (0-10 min) and total (0-60 min) by the trapezoidal method.
Data analysis Data are presented as mean ± standard error of mean (SEM) for each group. Data was analyzed for normality and logarithmically transformed where necessary (AngII, CK-MB, BNP-1) before analysis of variance or covariance (ANOVA/ANCOVA) was performed to assess for group differences (control, old, and young heat-treated monkeys). ANCOVA analyses were also conducted to compare control monkeys (n = 3) to heat therapy monkeys (n = 10), and results are presented in data tables as separate p values. ANCOVA was used when baseline values were available to use as continuous predictors of post-study data. Post hoc determinations of group differences were done using Tukey's honestly Significance was set at α ≤ 0.05 for group differences and α ≤ 0.10 for trends.
Results
Aside from age, no significant differences were observed at baseline between groups of monkeys. A trend for metabolic health to be worsened with advanced age (Control and Old) was observed, as glucose, systolic blood pressure (SBP), and triglyceride (TG) values were higher (p = 0.08 for comparisons of control and old vs. young; Table 1 shows data separated by study group). Resting core temperature did not change significantly with repeated heat exposures, although a trend for young animals to increase temperature over the study period was seen. Temperature changes during heat therapy did not differ by group and were reliably increased (Fig. 1a) . The desired 1°C increase was achieved on average following 12 min of submersion in hot water. Robust induction of the HSR was induced with the heat therapy regimen. HSP70 (Fig. 1b) and HSP90 (data not shown) gene expression was significantly increased during the heating period and remained high for at least 4 h after the procedure. HSP70 was highly inducible with greater than 10-fold induction. After repeated HSR (10 sessions over 5 weeks), HSP70 protein levels in muscle were significantly increased in young and old heat-treated monkeys (Fig. 2) . Plasma levels of HSP70 (Table 2) were not different at baseline or post-study (Table 2) . A trend to increase plasma HSP70 with heat therapy was seen (p = 0.08) with young monkeys having a more robust increase in levels. However, plasma HSP70 concentrations or the change in concentrations across study were not related to muscle HSP70 concentrations (data not shown), consistent with monkey data we have previously described .
Glycemic responses were assessed in the old monkeys (control and old groups), as these animals had evidence of prediabetes or overt diabetes (Table 1) . Heat treatment resulted in a modest 10 % average reduction in fasting glucose concentrations, whereas the old, unhealthy, control monkeys increased glucose over the course of study which suggests that heat therapy has a net positive effect (p = 0.02). Glucose changes were seen in the absence of changes in fasting insulin concentrations. Heat treatment resulted in significantly improved first phase insulin secretion and normalization of early glucose disposal (Fig. 3) . First phase insulin secretion was absent from old monkeys with glucose dysregulation (Fig. 3c) , which depicts beta cell dysfunction that is considered a hallmark of insulin resistance. Inadequate insulin release fails to drive circulating glucose into cells, of which the majority is metabolized by muscle (Fig. 3a) . Heat therapy restores both phenotypes in old monkeys. Overall, AUCs for insulin were not different despite being doubled on average (Table 3 ; p = 0.28). Fasting glucose had a trend toward reduction in heat-treated monkeys, driven mainly by increases in fasting glucose seen in control monkeys (Table 1) . The increase in glucose seen in control monkeys is not unexpected as significant stress is associated with twice weekly sedation. The levels of HSP70 measured from muscle at study end were significantly associated with fasting glucose levels (r = −0.73, p = 0.005; Fig. 4 ) and with the change in fasting glucose levels over the course of the study (r = −0.65, p = 0.02).
There are many concerns with the potential adverse effects of heat stress. We saw no changes in biochemical markers of liver and kidney function ( Table 1 ), organs that are susceptible to hyperthermic damage. An outlying individual in the control Fig. 1 a Core temperature pattern following heat therapy with 41°C water immersion (white circle; n = 10) in monkeys. Control monkeys (black circle; n = 3) tended to reduce temperature, while treated monkeys were significantly warmer (asterisk) after 10 min of heating. No differences in the response to heat were seen between young and old monkeys. b A robust heat shock response is seen following core temperature elevation in monkeys (n = 3) with heat shock protein 70 (HSP70) gene expression in skeletal muscle increasing more than 10-fold and remaining elevated beyond 4 h post-heat exposure group had evidence post-study of hepatocellular damage (ALT, AST), but no changes with repeated hyperthermia was detected. Cardiovascular damage is a frequent finding and a cause for death in heat stress. Table 2 presents a comprehensive panel of outcomes related to cardiac health. A trend for reduced MAP was seen post-heat therapy, driven primarily by reductions in SBP and changes in pressure measured in old monkeys. We saw no changes in heart damage aside from young monkey's troponin levels increasing postheat treatment.
Discussion
We demonstrate in a relevant animal model of spontaneous age-related metabolic disease that repeated induction of the HSR creates sustained changes in tissue HSP70 levels and positively changes glucose handling. Further, we provide data that heated hydrotherapy is a safe and reliable method to increase core temperature in primates. Based on our and other studies, we suggest that twice weekly therapy for as little as Fig. 2 HSP70 protein levels from muscles of old control monkeys (n = 3), heat-treated old monkeys (n = 6), and young heat-treated monkeys (n = 4). Protein levels were quantitated multiple days following their final HSR. Heat treatment increases muscle levels of HSP70 (*p < 0.05) (Ohori et al. 2012) . It has been demonstrated that aged muscles do not increase HSPs in adaptation to normal exercise the way that younger muscle tissue does (Vasilaki et al. 2003) and thus alternative methods for increasing HSPs should be investigated for aging. It is also common that aged human and nonhuman primates have co-morbidities such as arthritis or sarcopenia that prevent exercise, so development of exercise-mimetics is important additions to geriatric therapy. Aged muscle had 30 % lower HSP70 protein levels as compared to young muscle after 5 weeks of heat therapy. However, the aged animals exposed to heat therapy had 2.8-fold greater levels than age-matched untreated control monkeys. These old monkeys had metabolic disease and >50 % lower tissue HSP70 which is typical of what has been seen in diabetic or insulin-resistant primates (Bruce et al. 2003; Kavanagh et al. 2011 Kavanagh et al. , 2012 . Thus, our therapy restored muscle HSP70 to levels we have seen in healthy aged monkeys and to levels that approached the values seen in heat-treated young monkeys. Advanced age has been shown to reduce the HSR (Heydari et al. 1993 ) which may explain why a 30 % lower HSP70 level resulted in the old animals; however, this difference was not statistically significant.
We report an improvement in HSP70 protein levels in muscle tissue, which is a biologically important outcome as it predicts future metabolic health (Chichester et al. 2015) . Using heat to elevate HSP70 in muscle tissue in young rodents is successful in preventing diet-induced obesity and insulin resistance (Chung et al. 2008) . Consistent with this study of younger rodents, aged rodent muscle exposed to heat has improved ex vivo insulinstimulated glucose uptake through a mechanism that involves enhanced insulin signaling (Gupte et al. 2011) . Metabolic improvements in muscle exposed to repeated heat stress have also been attributed to greater oxidative capacity and mitochondrial biogenesis Tamura et al. 2014) ; concordantly, loss of HSP70 in rodent muscle decreases its oxidative capacity . It is generally believed that the first change prior to the development of T2DM involves peripheral (e.g., muscle) insulin resistance and a compensatory hyperinsulinemia (DeFronzo and Tripathy 2009), which is why attention to muscle HSP70 is important and predictive of future metabolic health (Chichester et al. 2015) . Ultimately, the beta cells of the pancreas begin failing, resulting in declining insulin production and sustained hyperglycemia. Our old monkeys clearly show a deficient first-phase insulin secretory response prior to heat therapy. After therapy, there is evidence of a beta cell response and improvement in glucose disposal during Fig. 3 Intravenous glucose tolerance testing in old monkeys (control black circle; n = 3, and heat-treated white circle; n = 6) demonstrate that heat treatment normalizes early response to glucose challenge (a, b are baseline and post-heat, respectively; #p = 0.10) with coincident restoration of first phase insulin secretion (c, d are baseline and postheat, respectively; *p < 0.05) Fig. 4 Levels of HSP70 in muscle of monkeys were significantly associated with fasting glucose concentrations and were similarly associated with the change in fasting glucose from prestudy (r = −0.65, p = 0.02) such that the higher HSP70 was coupled with lower blood glucose and larger reductions in blood glucose over time the initial hyperglycemic excursion. Heat-treated rodents actually increase beta cell mass over the course of months and have improved insulin sensitivity (Kondo et al. 2012) . Rodents have a greater beta cell regeneration rate than that seen in humans or vervet monkeys sourced from the same familial colony as the ones studied in this report (Saisho et al. 2011) . Therefore, we believe that the improvement is unlikely to reflect changes in beta cell mass but in function. Beta cells are of neuroendocrine origin, and the neuroprotective effects of HSP70 have been well-documented (Gifondorwa et al. 2007; Kern et al. 2010) , so improved function relating to reduced inflammatory signaling and endoplasmic reticulum stress could help restore normal excitation-exocytosis in these cells.
Another possible explanation for improved insulin sensitivity could relate to enhanced tissue perfusion. Vascular function declines with age and prematurely declines with insulin resistance (Skilton et al. 2005) . Normal arterial function is mediated by endothelial nitric oxide synthase (eNOS) which produces vasorelaxant nitric oxide (NO). We detected increased HSP70 and HSP90 as a result of the HSR in muscle tissue. Induction of HSP90 in older patients with heat therapy improves vascular reactivity as HSP90 has a specific role in eNOS activity, and NO production is doubled when these proteins are associated (Harris et al. 2003) . HSP70 and HSP90 may collectively influence insulin resistance on two levels. Enhanced HSPs in aged muscles improve glucose uptake through JNK activation inhibition and greater insulin signaling efficiency (Gupte et al. 2011) . Enhanced vasorelaxation will increase tissue perfusion and mediate improvements in insulin sensitivity as insulin is exposed to greater cellular surface area (Baron et al. 1994 ). This has a feed-forward effect as insulin itself is a modest eNOS activator (Clerk et al. 2004) and NO can stimulate glucose uptake by insulinindependent mechanisms (Young et al. 1997) . By improving vascular reactivity, insulin and HSP90 enhance NO production further down the vascular tree and recruits more capillaries within muscle, which is so important in insulin action and glucose disposal.
Despite repeated heat therapy being effective in improving cardiovascular function in heart failure patients and reducing cardiovascular-related deaths (Laukkanen et al. 2015; Ohori et al. 2012) , concerns regarding cardiovascular strain and adverse effects, including sudden cardiac death, on aged persons persist (Eshel et al. 1998; Satoh et al. 2013) . We conducted an extensive panel of cardiovascular health biomarkers, including emerging targets such as Ang1-7. Ang1-7 has been shown to increase signaling effectiveness coincidently with HSP70 levels in young rats with just once weekly heat therapy (Karpe and Tikoo 2014) . We saw no adverse or beneficial effects on cardiac biomarkers in the old monkeys exposed to heat.
In contrast to the old monkeys, young monkeys increased troponin levels following heat therapy. All post-heat concentrations of troponin fell in the concentration range that is associated with the lowest risk of mortality (Antman et al. 1996) , but the small change in young monkeys does suggest a low level of myocardial damage. Increases in troponin have also been reported as a normal response to repeated ketamine sedation, and we observed 9 of 13 animals increasing troponin concentrations over the experimental period which consisted of 10 sedations (Franco et al. 2009 ). Young animals have the ability to increase heart rate more than old animals, and a small amount of tachycardia related-damage with heat stress is a possible explanation for the greater levels of post-treatment troponin in this age group.
Heat therapy has reduced BNP-1 in heart failure patients (Ohori et al. 2012) ; however, in our monkeys that did not have clinical evidence of heart failure, no change was observed. We did see decreases in blood pressure parameters in both heattreated groups of monkeys, whereas the control group had small increases as a group (average 12 % reduction with heat treatment; p = 0.11) which is consistent with the pattern seen with fasting glucose (average 6 % reduction with heat treatment; p = 0.01). Repeated sedation without heat therapy worsened health as would be expected, whereas heat treatment not only abrogated these changes but tended to reduce values toward improved health. Our small sample sizes limited the ability to detect biologically important differences at the conventionally defined statistical error rate. However, to our knowledge, we are the first human or nonhuman primate study that included an appropriate age-and health-matched control group which experienced the same experimental stressors and environments as those exposed to heat therapy. This control group showed some biological changes over the 5-week study, particularly fasting glucose, that are relevant to the interpretation of study results. Monkeys required sedation twice weekly and for assessments which can be associated with some changes in cardiac biomarkers (Franco et al. 2009 ). Additionally, our control group remained thermoneutral under sedation, but without exposure to hydrostatic pressure which may have independent effects on cardiac health (Epstein 1992) . We also were able to only evaluate female monkeys, as they were sourced from a breeding colony. We have previously determined that no sex differences in muscle HSP70 levels exist in monkeys from this colony (Kavanagh et al. 2012 ). Older women are described as having better thermoregulatory control and less exaggerated cardiovascular responses to heat stress (Kenney and Munce 2003) . Therefore, the safety and responses in male subjects should be evaluated although epidemiologic evidence in a large cohort of men concluded that heat therapy had significant benefits for health and longevity (Laukkanen et al. 2015) .
Our study supports the health claims of heat therapy being safe and effective for older subjects and may improve glucose metabolism in insulin-resistant subjects. Improved insulin sensitivity is a consistent feature of populations with increased healthspan and lifespan and data generated under controlled conditions in a relevant primate model has high translatability to human health.
